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Introduction
Tröger's base (TB), was first synthesised by Julius Tröger in 1887 from the reaction of p-toluidine and formaldehyde in aqueous hydrochloric acid. 1 This motif gives rises to a fascinating chiral cleft-shaped molecule containing a methano-1,5-diazocine ring fused with two aromatic molecules, that has been employed in numerous systems. [2] [3] The intrinsic chirality with a C2 axis of symmetry of the TB structure is provided by the presence of the two configurationally stable bridgehead stereogenic nitrogen atoms of the diazocine ring. 4 X-ray crystallographic analysis has shown that the methano-1,5diazocine ring (N-CH2-N) places the two aromatic moieties almost orthogonal to each other, with dihedral angles ranging from 90 to 104º, thus engendering a unique V-shaped geometry possessing a hydrophobic cavity. [5] [6] [7] The TB structure was one of the very early heterocyclic ring systems to be isolated with stereogenic "N" atoms and has been used as racemates within the field of supramolecular chemistry. [8] [9] The ease of synthesis and its unique chiral cleft-shaped geometry has made TB an attractive supramolecular scaffold for the design of molecular receptors for anions, cations and biologically relevant small molecules including nucleic acid. 10 The TB structure has also been used in the development of "torsion-balance, 11 water soluble cyclophanes, 9, 12 chiral solvating agents 6 and molecular tweezers, 3, 7, [13] [14] optoelectronic devices 3, 14 selective catalysis 15 and in the formation of various hydrogen-and metal-mediated selfassembled structures. 16 The 4-amino-1,8-naphthalimide derivatives belong to an important class of heterocyclic fluorophores, which absorb and emit within the visible region, with high fluorescence quantum yield and large Stokes shift, which is solvent dependent. [17] [18] The strong emission characteristics of 4-amino-1,8naphthalimides in various organic and aqueous media, is due to their internal charge-transfer (ICT) excited state transition, which is caused by the "push pull" character of the electronwithdrawing imide and the electron donating amino moiety. [19] [20] The 1,8-naphthalimide fluorophores have been used in a variety of applications including the development of colorimetric and luminescent sensors for biologically relevant ions and molecules, [18] [19] 21 fluorescent logic gates and molecular switches. 22 They have also been used as luminescent probes for selective staining of live cells, 23 as potential DNA targeting agents, 24 stimuli responsive hydrogel 25 and in photochemical welding of tissues. 26 Over the past few years, we have developed several examples of 3-and 4-amino-1,8-naphthalimide fluorophore derived Tröger's base structural motifs (c.f. Scheme 1). We have employed these as novel bifunctional luminescent supramolecular scaffolds for self-assembly to create hierarchical supramolecular functional materials for applications within the supramolecular and medicinal chemistry fields. 27, [28] [29] [30] [31] Prior to our work, Lewis et al. synthesized a series of 4-amino-1,8-naphthalimde-derived Tröger's bases and demonstrated some of their photophysical characteristics. 32 In general, these naphthalimide TB derivatives are synthesised in three steps from 3/4-nitro-1,8-naphthalic anhydride as shown in Scheme 1A. 27, 32 As part of our on-going research in the development of new synthetic methodology, we report herein a novel one-pot expedient synthetic method for the design and synthesis of a family of N-alkyl-1,8naphthalimide based Tröger's bases TB-(2a-2k) from a common precursor TB-1, in neat amine as via a nucleophilic displacement approach, Scheme 1B. We were also able to treat TB-1 in aqueous KOH, which gave the corresponding anhydride, which opens up the possibility of further derivatisations. This methodology provides a convenient entry into the synthesis of 4-amino-1,8-naphthalimide derivatives in one-pot, with higher yielding and high purity end products, which makes TB-1, an ideal 'synthon' for the formation of large range of such TBs for applications in variety of research areas.
Results and discussion
Until 2013, it was believed that the heterocyclic ring of N-aryl-1,8-naphthalimides, once formed, was chemically stable and unreactive towards nucleophilic substitution. 26 During the synthesis of Lucifer Yellow anhydride from Brilliant Sulfofalvin, Stewart et al. stated that the heterocyclic ring of N-aryl-1,8naphthalimides was inert to nucleophilic substitution, except in the condition of unusual electron deficiency at the imide site, and resistance to acid/base hydrolysis. 33 Contrary to this statement, Lewis and co-workers demonstrated that the heterocyclic ring of such N-aryl-4-chloro-1,8-naphthalimide was not inert and underwent a facile nucleophilic substitution with aliphatic primary amines. 26 Based on these investigations, it was established that for efficient nucleophilic substitution reactions to occur, i) the N-aryl group, carrying the electron withdrawing substituent, must be attached at the imide site, 26 and the presence of an electron withdrawing substituent (i.e. -Cl, -NO2) at the 4-position of the heterocyclic ring enhances the nucleophilic displacement of N-aryl groups at the imide site. 26 In contrast, electron donating substituents (i.e. -NH2, -N(CH3)2) that delocalize electronically with the imide carbonyl groups were found to suppress nucleophilic displacement. 26 Keeping these structural requirements in mind, we set out to investigate if N-aryl-1,8-naphthalimide Tröger's base (such as TB-1) 31 carrying a pair of electron-withdrawing ester groups (-COOCH3) on N-aryl moiety, could also be used as a 'common' starting material or a 'synthon' to synthesis a family of N-alkyl-1,8naphthalimide Tröger's base fluorophores TB-(2a-2k) (Scheme 2) in such systems the methano-1,5-diazocine ring reduced the ICT character making them perhaps more likely to facilitate such a nucleophilic displacement. [27] [28] [29] We foresaw that one or more -COOCH3 substituent on N-phenyl group may cause sufficient electrophilicity at the imide site for nucleophilic displacement to take place, and this was our initial 'synthon' employed in our investigation, being formed and used as a racemic mixture. Our investigation began with the reaction of TB-1 in neat N,Ndimethylethylenediamine, which we had previously developed as potential anticancer agent (tested in K562 chronic myeloid leukaemia cells), 27, 30 as a model substrate, at ambient temperature in air. This resulted in the formation of the desired product TB-2a in 17 % isolated yield. To our delight, the yield of TB-2a was enhanced significantly to 84 % upon increasing the reaction temperature to 80ºC (c.f. Scheme 1B). 1 H NMR spectroscopy was used to monitor the progress of the reaction. After 24 hours of heating at 80ºC, the resonances corresponding to -COOCH3 (at 3.93 ppm) and N-aryl moiety (at 8.16 and 8.79 ppm) of TB-1 disappeared, being replaced with three new sets of resonances in the range of 4.28 to 2.31 ppm, corresponding to the N,N-dimethylethylenediamine moiety, confirming the complete conversion of TB-1 to TB-2a ( Fig. S1 -S2, ESI). High-resolution mass spectrometry (HRMS) analysis further supported the formation of TB-2a ( Fig. S4, ESI) . Under this reaction condition, nucleophilic substitution reactions of TB-1 with a series of aliphatic primary amine substrates, carrying different functionality, were further explored, as summarized in Scheme 2. In general, the reactions were clean and yielded the target products TB-(2a-2j), which were isolated in analytically pure form, by a simple solvent extraction in dichloromethane without the need of further purifications using column chromatography. The overall yield of the desired products did not vary widely with respect to the primary amine substrates and the isolated yields were all in good to excellent range (Scheme 2), and in most cases greatly enhanced compare to the more traditional way of making those products in two to three steps, previously developed in our laboratory. The isolated products were fully characterised using various spectroscopic techniques (see the experimental section and It is also interesting to note that the reaction of TB-1 and hydrazine hydrate (NH2-NH2.H2O) provided the target product TB-2j in 92% yield, albeit the possibility to form the oligomeric product, which we found to be the only product upon attempting to form this product using the more traditional three step route (Scheme 2). Moreover, the reaction of TB-1 with simple aqueous KOH underwent smoothly to yield the target anhydride TB-2k in 89 % yield (Scheme 2). The NMR ( 1 H and 13 C) and HRMS analysis supported the formation of TB-2k in pure form ( Fig. S32-S34, ESI) .
The structure of TB-2k was further confirmed using X-ray diffraction analysis. Yellow crystals of TB-2k were grown by slow evaporation of a DMSO solution at ambient temperature. Crystallographic details are summarized in Table S1 (ESI). Single crystal X-ray analysis provided a structural model in the monoclinic space group C2/c. The asymmetric unit contains half of one molecule of TB-2k and one associated DMSO molecule, disordered over three overlapping orientations. The complete molecule of TB-2k contains a two-fold rotation axis intersecting the central methylene carbon atom C13. The mean interplanar angle between the two naphthyl groups within the molecule is 97.8° ( Figure 1A) . The geometry of the anhydride group includes lengthened C-C bonds between the carbonyl carbon atoms and the carbon atoms of position 1 and 8 of the naphthyl ring (1.468(4) and 1.475(4) Å for C10-C11 and C1-C2, respectively) consistent with partial bond localisation, while the carbonyl C=O distances of 1.202(3) and 1.195(4) Å and C-O distances of 1.387(4) and 1.398(4) are typical for cyclic anhydride species. Intermolecular interactions in the structure of TB-2k are dominated by face-to-face π-π stacking interactions between adjacent naphthalic anhydride moieties, with a parallel head-to-tail interaction of this type exhibiting a mean interplanar distance of 3.49 Å ( Figure 1B) . The Interaction between π systems can also be implicated in an edge-to-edge contact between the anhydride groups of two adjacent species, with both groups oriented parallel and a minimum C···O distance of 3.058(5) Å. Similar contacts are commonly observed in various cyclic anhydride species. 34 In contract to TB-3 and other TB structures, 28 the typical C-H hydrogen bond donation from the bridgehead carbon atom is not involved in C-H···π interactions, but rather undergoes a C-H···O interaction with the carbonyl oxygen atoms of adjacent anhydride groups, with a C···O distance of 3.288(3) Å and C-H···O angle of 150.9° (Fig.  S38, ESI) .
To further extend this methodology, the precursor TB-1 was reacted with aromatic primary amine aniline, under similar reaction conditions, to generate the N-phenyl-1,8naphthalimide Tröger's base TB-3. However, no product was isolated from this reaction (c.f. Scheme 2). This might be attributed to the effect of steric hindrance, but more likely due to the fact that the aromatic primary amines are weaker nucleophiles than the aliphatic amines 35 and thus it is clear that aromatic primary amine is not sufficient to displace the N-aryl moiety from the imide site.
To evaluate the need of electron-withdrawing ester (-COOCH3) substituents on the N-aryl moiety and the level of electrophilicity required for the complete displacement of the N-aryl moiety, we designed an unsubstituted N-phenyl-1,8naphthalimide derived Tröger's base TB-3 as a precursor from 1, which was formed in two steps. TB-3 was prepared, as before, as a racemic mixture as shown in Scheme 3. 36 Compound 1 was converted into the desired Tröger's base TB-3, by using 1.5 equiv. of paraformaldehyde in neat Please do not adjust margins Please do not adjust margins trifluoroacetic acid under an inert atmosphere over 12 hours at room temperature. The resulting reaction mixture was basified (pH>10) using aq.NH3 and extracted with CH2Cl2 to give TB-3 as a bright yellow solid in 58% yield. The formation and purity of TB-3 was fully investigated by various spectroscopic techniques (all syntheses and full spectroscopic characterizations are described in detail in the experimental section and also see Fig  S35-S37 in ESI) . The formation of TB-3 was unambiguously proved by single crystal X-ray diffraction analysis. Suitable single crystals were grown by slow evaporation of a dichloromethane-methanol (2:1, v/v) solution of TB-3 at ambient temperature. TB-3 crystallised in a triclinic system, in the centrosymmetric space group P-1. Crystallographic data and refinement parameters are summarized in Table S1 (ESI). The diffraction analysis of TB-3 clearly show that the methano-1,5-diazocine ring (N˗CH2˗N bridgehead angle is 111.79°) places the two 1,8-naphthalimide moieties almost orthogonal to each other (with a mean interplanar angle of 90.12°) giving rise to the unique V-shaped geometry (Fig. 1A) . The TB-3 molecules pack through intermolecular π˗π stacking interactions (dcentroid˗dcentroid = 3.65 Å) between two adjacent naphthalimide moieties resulting in head-to-tail arrangements of the naphthalimide molecules ( Figure 1B ). Furthermore, extensive intermolecular C-H…O hydrogen bonding and C-H…π interactions can also be observed in the solid-state packing of TB-3, governed primarily by interactions between π-deficient naphthalimide moiety and the CH2 groups of the N−CH2−N bridgehead and the N-phenyl group from another neighbouring molecule of TB-3 (Fig. S39,  ESI) .
The reaction of TB-3 with different aliphatic amine substrates (N,N-Dimethylethylenediamine, 4-(2-aminoethyl)morpholine and 1-(2-aminoethyl)piperazine), under standard reaction conditions, indeed gave the desired products (TB-(2a-2b) and TB-2d) in pure form. However, unlike that seen for TB-3, these were formed in significantly lower yield, as demonstrated in Scheme 4. This confirms that the electron-withdrawing -COOCH3 substituent on the N-aryl moiety is essential to generate sufficient electron-deficiency at the imide carbonyl group for the complete heterocyclic ring cleavage to occur by aliphatic primary amine nucleophiles. 17, 26 
Conclusions
Herein we have successfully developed and demonstrated a novel one-pot synthetic procedure for the facile synthesis of a family of structurally fascinating N-alkyl-1,8-naphthalimide Tröger's bases TB-(2a-2k) via nucleophilic substitution reaction from a single common 'synthon'. This structure, N-aryl-1,8naphthalimide Tröger's base TB-1, carries electron-withdrawing ester (-COOCH3) groups, which in the presence of aliphatic primary amine in a neat form or aqueous KOH, give the desired products with good purity and high yield. This strategy is both efficient and highly feasible for practical use, as the target products can be isolated in high yields and in analytically pure form without the use of chromatography purifications. We also demonstrate that the corresponding anhydride can be formed. Therefore, this methodology is easily adoptable and more beneficial in terms of broad substrate scope and good tolerance of functional groups. Furthermore, work is in progress to uncover the synthetic utility of this new strategy to develop structurally interesting supramolecular scaffolds, which will be further explored to generate various self-assembled structures and supramolecular functional materials.
Experimental
Materials and methods: All reagents, solvents, and starting materials were purchased from Sigma-Aldrich, Merck, or Fisher Scientific, were of reagent grade and were used as received. Solvents used were HPLC grade unless otherwise stated. FT-IR spectra were recorded in the range 4000 400 cm -1 on a Perkin-Elmer spectrometer equipped with a universal ATR sampling accessory.
All NMR spectra were recorded on a Bruker-DPX-Avance spectrometer operating at 400/600 MHz for 1 H NMR and 100/150 MHz for 13 C NMR in commercially available deuterated solvent. Chemical shifts are reported in parts-per million (ppm) relative to the internal solvent ((CD3)2SO = 2.5 ppm or CDCl3 = 7.26 ppm) signal. All NMR data were processed with Bruker Win-NMR 5.0, Topspin and MestReNova softwares. Multiplicities were abbreviated as follows: singlet (s), doublet (d), doublet of doublet (dd), triplet (t), multiplet (m).
APCI-ESI mass spectra were acquired on a Bruker microTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000 LC or direct insertion probe. The instrument was operated in positive or negative mode as required. Agilent tuning mix APCI-TOF was used to calibrate the system. The m/z values were recorded over a range of 100-1600. MicroTOF control and HyStar software were used to carry out the analysis. HPLC-grade CH3CN or CH3OH or DMSO were used as carrier solvents. X-ray crystallography: Diffraction data for TB-2k were collected using a Bruker APEX-II Duo dual-source instrument using Cu Kα (λ = 1.54178 Å) radiation. The data were collected using ω and φ scans with the crystal immersed in oil and maintained at a constant temperature of 100 K using a Cobra cryostream. The data were reduced and processed using the Bruker APEX suite of programs. 37 A multi-scan absorption correction was applied using SADABS. 38 The X-ray diffraction data of TB-3 were collected at 100.15 K on a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn 724+ detector mounted at the window of an FR-E+ Super bright Mo-Kα rotating anode generator (λ = 0.71073 Å) with HF or VHF varimax optics. Unit cell parameters were refined against all data and an empirical absorption correction applied in CrystalClear-SM 1.4.0 software. All datasets were solved using SHELXS 39 structure solution program using Direct Methods and refined by full-matrix least squares procedures using SHELXL-2015 40 within the OLEX-2 GUI. 41 The hydrogen atom positions were included in the model by electronic density or were geometrically calculated and refined using a riding model. General procedure for the synthesis of Tröger's bases TB-(2a-2j) from TB-1 Tröger's base TB-1 (10 mg, 0.012 mmol) was mixed with the appropriate neat primary aliphatic amines (0.5 mL) and the mixture was stirred at 80 °C for 24 h and then allowed to cool to room temperature. The solution was poured onto ice and a precipitate formed immediately. The resultant precipitate was stirred vigorously at room temperature for 2 h and then collected by centrifugation. The product was extracted into dichloromethane and the organic layer was isolated, dried over MgSO4 and stripped under reduced pressure to isolate the expected product TB-(2a-2j) as an orange/bright yellow solid.
